Isotopic labeling of RNA with 13 C and 15 N has become a routine procedure in structural studies by NMR spectroscopy. The methodology in this paper describes the random fractional deuteration of RNA using the obligate methylotropic bacterium, Methylophilus methylotrophus. This bacterium was grown using a non-deuterated carbon source in 52:48 D 2 O/H 2 O and we have shown that all protons in the ribonucleotides except for the ribose H1 become 52% randomly fractionally deuterated. Improved growth conditions for this organism are also described that yield higher cell densities in liquid culture, which is applicable for all labeling procedures.
The ability to label nucleic acids with 13 C and 15 N and the application of heteronuclear NMR techniques have had a tremendous impact upon the structural analysis of RNA. Although heteronuclear multidimensional NMR greatly reduces spectral overlap, introduction of the heteronuclei results in increased relaxation rates, particularly for larger RNA molecules. One approach used to offset this effect in NMR spectroscopy of large proteins (>20 kDa) is to use random fractional deuteration, resulting in narrower linewidths, reduced passive couplings and suppression of spin diffusion (1) . Here, we describe techniques for growing the obligate methylotrophic bacterium Methylophilus methylotrophus in deuterated medium to produce randomly fractionally deuterated ribonucleoside monophosphates for synthesis of deuterated RNAs.
Methylophilus methylotrophus is an ideal organism for the incorporation of 13 C, 15 N and 2 H into nucleic acids. First, methanol remains the most inexpensive source of 13 C, making large-scale preparations of ribonucleotides economical. Second, the yield of nucleic acids per gram of M.methylotrophus cells grown on methanol-minimal medium, is comparable to that of Escherichia coli grown on glucose-minimal medium (2) . Third, the methyl protons are exchanged with bulk solvent during assimilation of methanol into the major metabolic pathway (3). Thus, for most applications, there is no need to use a randomly fractionally deuterated carbon source to achieve almost complete random fractional deuteration of the biomass, as is required when using E.coli.
The major problem associated with growing preparative quantities of M.methylotrophus is that low cell densities were required to achieve optimal nucleic acid yields per input gram of isotope (2, 4) . For deuteration, it was important to obtain high density cultures, without compromising the yield of nucleic acids, because large volumes of D 2 O are expensive and time consuming to recycle. During growth of this bacterium on methanol-minimal salts medium (2), the pH of the medium drops from 6.8 to below 6.2 at the end of the growth, due to the limited capacity of the low phosphate buffer concentration in the medium. Continuing growth by addition of more methanol causes the pH to drop further, and we observe difficulties in cell harvest associated with heterosaccharide sheath production (2) . In order to obtain preparative quantities of u-13 C/52%-2 H labeled ribonucleotides for NMR studies, we have modified our protocol for culturing M.methylotrophus to yield high density cultures, by controlling the pH of the medium during growth.
The large scale growth of M.methylotrophus for 13 C labeling of ribonucleotides has been described in detail by Batey et al. (2) . The methanol-minimal salts medium used for this application is the same as described previously, except that 5.2 mg/l of FeC1 3 was substituted for the 50 mg/l FeSO 4 .7H 2 O, and the medium was prepared using a solution of 52:48 2 H: 1 H water. The 2 H: 1 H ratio of the medium was determined by integrating the NMR spectrum of a mixture of 200 µl dioxane and 600 µl medium. Bacteria grown in high concentrations of D 2 O often exhibit a marked reduction in their growth rates, and acclimation periods are required in order to achieve optimal growth rates (5). Cultures of M.methylotrophus grown in H 2 O exhibit a doubling time of 1.9 h, which is increased to 4.0 h for growth in media containing 60% D 2 O. However, during successive serial passages of these cells into fresh medium containing 60% D 2 O, the doubling time dropped to 2.5 h. Acclimatisation of the cells to D 2 O prior to large scale growths was critical for ensuring high nucleic acid yields, with a favorable RNA:DNA ratio (6). The initial phase of growing M.methylotrophus in a 10 l culture was performed exactly as described previously (2) . When the optical density (O.D.) of the culture at 660 nm approached 0.4, the pH, measured by a standard pH probe inserted into the culture, had typically dropped to 6.1-6.2. The pH of the culture was then adjusted to 6.6 by addition of 0. The arrows indicate the times at which additional nutrients were added to the culture; the pH of the culture was adjusted to 6.6 whenever it dropped below 6.4. been exhausted by the bacteria. The growth is continued by addition of 10 ml methanol, 3.6 g ammonium sulfate and 11.8 ml 100% D 2 O to maintain the 52:48 2 H: 1 H ratio in the medium. After ∼2 h, the cell density in culture had doubled, and a second addition of methanol, ammonium sulfate and D 2 O was added to the culture, and the pH was again adjusted to 6.6. A third addition was repeated after ∼1.5 h when the O.D. of the culture reached 1.3, and the fourth addition after another hour, when the O.D. of the culture reached 1.8, each time adjusting the pH. After the final aliquot of nutrients was added, the culture was allowed to continue to grow until the O.D. reached 2.2-2.5 (a typical growth curve is shown in Fig. 1 ). The growth was terminated by reducing the temperature of the culture to 4_C, and harvesting the cells by centrifugation at 8000 r.p.m. in a JA-10 rotor (Beckman) for 15 min, yielding 70-80 g wet packed cells. We have performed growth in 52% D 2 O using unlabeled and 13 C-labeled methanol, yielding 52% 2 H and u-13 C-52% 2 H nucleotides respectively. After each growth, the D 2 O/H 2 O mixture from spent media was recycled by rotary evaporation (7), 5′ ribonucleoside triphosphates were prepared from the cell mass using previously described techniques (4) and have been successfully incorporated into RNAs synthesized in vitro using T7 RNA polymerase.
The H6 resonance from the 1 H NMR spectrum of 52%-2 H rUMP is shown in Figure 2a , indicating ∼50% deuteration at this position. The degree of deuteration at each position in the u-13 C-52% 2 H nucleotides was determined by integrating the multiplets that arise from 1 H coupling in the undecoupled 13 C NMR spectrum of u-13 C/52%-2 H rUMP, shown in Figure 2b . All of the carbons exhibited 52% deuteration at each site except for the ribose C1′ position, which was only 39% deuterated, indicating nearly complete exchange of the methanol methyl protons with the solvent during growth.
We have demonstrated that the methylotrophic bacterium M.methylotrophus can be used to prepare randomly fractionally deuterated ribonucleotides in preparative quantities for use in NMR studies of large RNAs. The improvements in growth conditions also have been applied to 13 C/ 15 N labeling as well, with similar results. Because of the unique metabolism of this Figure 2 . (a) A portion of the 1 H NMR spectrum of 52%-2 H rUMP. The observed pattern for the H6 resonance arises from superposition of a doublet due to spin-spin coupling to proton on C5, and an isotope shifted singlet due to a deuteron on C5. (b) Ribose region of the 13 C NMR spectrum of u-13 C/52%-2 H rUMP. Each carbon resonance is a superposition of a doublet arising from carbons with coupling to the directly attached proton and an isotope shifted singlet arising from carbons bearing a deuteron.
organism, a non-deuterated carbon source can be utilized to produce randomly fractionally deuterated biomass. Since this organism has also been grown in 99% deuterated medium to prepare u-2 H amino acids, ribonucleotides of any level of deuteration can in principle be produced (8) . The technique of random fractional deuteration has successfully extended the size of proteins that can be studied by NMR spectroscopy, and should also prove beneficial for the study of large RNA molecules.
